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HIGHLIGHTS 


►  Inexpensive  microporous  separators  were  successfully  utilized  on  Fe/V  RFB. 

►  Capacity  fading  during  cycling  was  alleviated  with  flow  rate  adjustment. 

►  Cycling  performances  at  different  temperatures  were  investigated. 
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The  Fe/V  redox  flow  battery  has  demonstrated  promising  performance  with  distinct  advantages  over 
other  redox  flow  battery  systems.  Due  to  the  less  oxidative  nature  of  the  Fe(III)  species,  hydrocarbon- 
based  ion  exchange  membranes  or  separators  can  be  used.  Daramic®  microporous  polyethylene  sepa¬ 
rators  were  tested  on  Fe/V  flow  cells  using  sulphuric/chloric  mixed  acid-supporting  electrolytes.  Among 
them,  separator  C  exhibited  good  flow  cell  cycling  performance  with  satisfactory  repeatability  over 
a  broad  temperature  range  of  5-50  °C.  Energy  efficiency  (EE)  of  C  remains  around  70%  at  current 
densities  of  50-80  mA  cm-2  in  temperatures  ranging  from  room  temperature  to  50  °C.  The  capacity 
decay  problem  could  be  circumvented  through  hydraulic  pressure  balancing  by  means  of  applying 
different  pump  rates  to  the  positive  and  negative  electrolytes.  Stable  capacity  and  energy  were  obtained 
over  20  cycles  at  room  temperature  and  40  °C.  These  results  show  that  extremely  low-cost  separators  ($1 
—20  m-2)  are  applicable  in  the  Fe/V  flow  battery  system  with  acceptable  energy  efficiency.  This  repre¬ 
sents  a  remarkable  breakthrough:  a  significant  reduction  of  the  capital  cost  of  the  Fe/V  flow  battery 
system,  which  could  further  its  market  penetration  in  grid  stabilization  and  renewable  integration. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Energy  storage  systems  are  of  great  interest  for  their  capacity  to 
balance  the  discrepancy  between  energy  generation  and 
consumption.  Recently,  redox  flow  batteries  (RFBs),  which  are 
capable  of  reversibly  converting  between  electrical  and  chemical 
energies,  have  experienced  revitalization  as  a  promising  large-scale 
energy  storage  technique  [1,2].  RFBs  enable  reliable  integration  of 
intermittent  renewable  energy  resources  such  as  solar  [3]  or  wind 
[4],  functioning  as  an  energy  reservoir  to  improve  power  output 
quality.  An  important  advantage  of  RFBs  is  their  decoupled  power 
and  energy.  The  power  is  controlled  by  the  size  of  the  electrodes, 
while  the  energy  is  dependent  on  the  concentration  and  volume  of 
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the  electrolytes  contained  in  external  tanks.  RFBs  have  many  other 
attractive  features  such  as:  high  round-trip  efficiency,  long  cycle 
durability  and  calendar  life,  rapid  response  to  load  changes,  and 
active  thermal  management  [5]. 

Development  of  practical  RFBs  started  from  the  iron-chromium 
RFB  invented  by  Thaller  [6],  while  the  invention  of  an  all-vanadium 
flow  battery  (VRB)  by  Skyllas-Kazacos  [7-10]  is  another  significant 
breakthrough.  Despite  impressive  advantages,  the  drawbacks  of 
VRB  are  also  obvious,  limiting  its  broad  market  penetration.  One  of 
the  disadvantages  with  VRBs  is  the  membrane  chemical  stability 
issue.  As  one  key  component,  the  membrane  physically  separates 
the  positive  and  negative  electrolytes  yet  allows  passage  of  charge 
carriers  to  maintain  electrical  neutrality.  In  VRBs,  the  membrane 
must  be  chemically  stable  to  the  strongly  oxidative  V(V)  species. 
This  requirement  largely  narrows  the  membrane  choice  to  per- 
fluorinated  Nafion®-based  ion  exchange  membranes  (Nafion®  is 
a  registered  trademark  of  DuPont).  However,  these  membranes  are 


40 


X.  Wei  et  al.  /  Journal  of  Power  Sources  218  (2012)  39—45 


quite  expensive,  accounting  for  41%  of  the  flow  battery  stack  cost 
based  on  a  cost  analysis  [11].  Hydrocarbon-based  membranes  are 
being  studied  [12],  but  their  long-term  chemical  stability  remains 
a  concern.  Capacity  decay  is  another  challenge  for  VRB  systems 
[13-15],  which  requires  frequent  maintenance  by  mixing  the 
electrolytes  [16]  and  increases  operational  costs. 

The  recent  invention  of  an  iron-vanadium  (Fe/V)  flow  battery 
system  uses  mixed  Fe/V  electrolytes  with  Fe2+^3+  and  V3+^2+  as 
positive  and  negative  redox  couples  [17,18].  The  Fe/V  flow  battery  has 
a  standard  voltage  of  1.02  V  with  the  standard  redox  potentials  of 
pe2+/3+  ancj  y3+/2+  at  o  77  y  anci  _q.25  V  (versus  standard  hydrogen 
electrode,  SHE),  respectively.  This  mitigates  the  gas  evolution  that 
remains  an  issue  for  VRBs.  At  room  temperature,  the  Fe/V  flow 
battery  exhibits  columbic  (CE),  voltage  (VE),  and  energy  efficiencies 
(EE)  as  high  as  97%,  85%,  and  82%,  respectively,  at  a  current  density  of 
50  mA  cm-2  when  using  a  Nation  212  membrane.  Stable  performance 
was  achieved  over  a  temperature  range  of  0-50  °C.  The  Fe/V  flow 
battery  shows  excellent  capability  to  retain  its  capacity  and  energy, 
and  the  maintenance  costs  will  be  significantly  reduced.  Therefore, 
the  Fe/V  flow  battery  is  particularly  advantageous  for  renewable 
integration  and  stabilization  of  the  electrical  grid. 

Due  to  the  lower  cell  voltage,  the  discharge  energy  density  of  the 
Fe/V  flow  battery  (up  to  15  Wh  L-1)  usually  is  lower  than  that  of  the 
recent  invented  mixed-acid  VRB  [19].  Yet,  it  is  on  par  with  the 
conventional  VRB  sulphate  system.  Therefore,  reducing  the  capital 
cost  of  the  Fe/V  system  is  necessary  to  make  it  competitive  with  the 
VRB.  The  less  oxidative  nature  of  Fe3+  enables  the  use  of  inexpensive 
hydrocarbon-based  membranes  or  separators.  Daramic®  (a  registered 
trademark  of  Daramic,  LLC.)  microporous  polyethylene  separators 
lead  the  flooded  lead  acid  battery  market  due  to  their  low  cost 
($1-20  m-2),  low  electrical  resistance,  excellent  microporous  struc¬ 
ture,  designable  pore  size,  and  porosity  [20].  Daramic®  separators 
have  been  attempted  in  VRB  applications,  but  they  are  susceptible  to 
chemical  attack  of  the  V(V)  species  [21-27].  This  paper  explores 
applications  of  Daramic®  separators  in  the  Fe/V  flow  battery.  The  flow 
cell  performance  of  a  series  of  commercial  Daramic®  microporous 
separators  on  the  Fe/V  flow  battery  was  investigated.  The  dependence 
of  CE,  VE,  and  EE  on  separator  resistance  will  be  discussed,  and  the 
effects  of  temperature  and  current  density  will  be  presented. 

2.  Experimental 

2.1.  Fe/V  flow  cell  setup 

The  Fe/V  flow  cell  assembly  followed  that  used  in  Ref.  [13]. 
Typically,  the  flow  cell  consisted  of  two  stainless-steel  end  plates; 
two  gold-coated  copper  current  collectors;  two  graphite  half-cell 
compartments,  each  with  a  rectangular  trough  as  well  as  an  inlet 
and  an  outlet;  two  5  mm-thick  graphite  felt  electrodes  (GFD5,  SGL 
Carbon  Group,  Germany);  two  polytetrafluoroethylene  (PTFE) 
gaskets;  and  a  separator.  The  felts  embedded  in  the  troughs  had 
a  10%  compression  ratio  to  afford  optimal  electrical  conductivity. 
The  active  areas  of  the  GFD5  and  the  Daramic®  separator  were 
5  cm  x  2  cm.  Thermal  activation  of  the  GFD5  was  carried  out  in  air 
at  400  °C  for  6  h  to  enhance  its  electrochemical  activity  and 
wettability  [28].  Viton®  tubing  (Cole-Parmer,  Vernon  Hills,  IL)  was 
piped  through  a  Masterflex®  L/S®  peristaltic  pump  (Cole-Parmer, 
Vernon  Hills,  IL)  equipped  with  an  Easy-Load®  II  pump  head 
(Cole-Parmer,  Vernon  Hills,  IL)  and  connected  the  flow  cell  with 
two  glass  beaker  reservoirs. 

2.2.  Electrochemical  measurement 

Five  Daramic®  microporous  separators  named  A,  B,  C,  D,  and  E 
were  supplied  by  Daramic,  LLC  (Charlotte,  NC).  These  separators 


differ  in  terms  of  thickness  and  structure.  Among  them,  D  and  E 
have  parallel  ribs  protruding  from  one  side  of  the  separator.  The 
ribs  were  mechanically  removed  prior  to  pre-treatment.  All  sepa¬ 
rators  were  pre-treated  by  alternative  methanol  and  deionized 
water  soakings. 

The  electrolyte  was  prepared  by  dissolving  vanadyl  sulphate 
(VOSO4,  Sigma-Aldrich,  99%)  and  iron(II)  chloride  (FeC^, 
Sigma-Aldrich,  98%)  in  diluted  HC1.  The  final  concentration  of  the 
electrolyte  is:  1.5  M  V0S04-1.5  M  FeCl2-3.6  M  HC1  (thereafter 
abbreviated  as  1.5Fe/V-3.6HCl).  Unless  otherwise  stated,  50  mL  of 
the  electrolyte  was  used  in  each  of  the  positive  and  negative 
reservoirs  of  the  balanced  flow  cell.  To  keep  the  system  oxygen- 
free,  both  reservoirs  were  purged  with  nitrogen  before  each  cell 
run.  The  electrical  impedance  of  the  flow  cell  was  measured  by 
alternative  current  impedance  spectroscopy  (ACIS)  on  a  CHI760D 
electrochemical  workstation  (CH  Instruments,  Austin,  TX)  at  a  flow 
rate  of  20  mL  min-1.  The  area-specific  resistivity  (ASR)  of  the  flow 
cell  was  derived  by  the  high-frequency  resistance  (the  real  part  of 
the  ACIS)  multiplied  by  the  cell  area  (10  cm2).  A  BT-2000  Arbin 
battery  tester  (Arbin  Instruments,  College  Station,  TX)  was  used  to 
evaluate  the  cell  performance  under  constant  current  mode.  The 
charge-discharge  voltage  window  was  set  between  1.35  V  and 
0.5  V  for  flow  cell  cycling.  Different  current  densities,  such  as  40,  50, 
60,  70,  and  80  mA  cm-2,  were  used  to  investigate  current  density 
effect.  The  temperature  effect  was  examined  by  running  the  flow 
cell  in  a  Tenney  TJR  junior  benchtop  chamber  (Thermal  Product 
Solutions,  White  Deer,  PA).  The  concentrations  of  the  Fe  and  V 
species  in  the  electrolytes  after  cycling  were  determined  by  an 
Optima  7300  DV  inductively  coupled  plasma  (ICP)  (PerkinElmer, 
Waltham,  MA). 

3.  Results  and  discussion 

3.1.  Room  temperature  cell  performance 

Typical  parameters  of  these  Daramic®  polyethylene  micropo¬ 
rous  separators  include  median  pore  size  of  0.15  pm  with  porosity 
of  57%.  The  thickness  ranges  from  200  to  500  pm.  A  cross-sectional 
scanning  electron  microscopy  (SEM)  image  is  also  provided  in  the 
Supplemental  Information  (Figure  SI)  indicating  silica  particles 
embedded  in  polyethylene  matrix.  The  Fe/V  flow  cell  performance 
of  these  separators  was  tested  at  room  temperature  (18  °C)  using 
the  sulphuric/chloric  mixed  acid-supporting  electrolyte,  1.5Fe/ 
V-3.6HC1,  with  a  voltage  range  of  0.5-1.2  V  at  a  current  density 
of  50  mA  cm-2.  To  lower  the  separators’  resistance,  they  were  pre¬ 
treated  by  alternative  methanol  and  water  immersions  prior  to 
each  use  to  remove  air  bubbles  trapped  inside  the  pores.  The  pre¬ 
treatment  was  followed  by  swift  assembly  of  the  flow  cell. 

The  flow  cell  resistance  obtained  using  ACIS  includes  the  resis¬ 
tances  of  the  separator  and  the  electrolyte,  and  the  contact  resis¬ 
tance.  While  the  latter  two  are  independent  of  the  separator  and 
remain  constant  for  all  the  cells  tested,  the  flow  cell  ASR  indicates 
the  relative  resistance  of  these  separators.  In  this  sense,  flow  cell 
ASR  is  determined  by  the  thickness  and  structure  of  the  separators. 
Fig.  la  shows  the  influence  of  ASR  on  flow  cell  cycling  efficiencies 
[29].  Constant  efficiencies  were  observed  throughout  the  Fe/V  flow 
cell  cycling,  indicating  good  stability  of  the  separator  [30,31].  The 
CE,  VE,  and  EE  of  these  separators  are  closely  related  to  flow  cell 
ASR.  The  CE  increases  gradually  with  the  ASR,  while  the  VE  exhibits 
a  negative  linear  correlation  with  the  ASR.  Separator  A  has  the 
lowest  flow  cell  ASR  of  0.66  Q  cm2,  therefore  the  lowest  CE  of  82% 
and  highest  VE  of  84%.  On  the  contrary,  separator  B  has  the  highest 
flow  cell  ASR  of  2.32  Q  cm2,  thus  the  highest  CE  of  95%  and  lowest 
VE  of  67%.  Among  these  separators,  A,  C,  D,  and  E  afford  EEs  around 
70%.  Separators  A,  C,  D,  and  E,  which  offered  the  highest  EEs,  were 
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Fig.  1.  Room  temperature  Fe/V  flow  cell  performance  of  Daramic®  separators  at  a  current  density  of  50  mA  cm  2:  (a)  flow  cell  efficiencies  versus  flow  cell  ASR;  (b)  specific  capacity; 
and  (c)  energy  density  versus  cycle  number  of  different  separators. 


considered  for  further  study  of  temperature  and  current  density 
effects. 

In  general,  the  CE,  VE,  and  EE  of  flow  cells  with  separators  are 
lower  than  those  with  Nation  212  membrane  [17,18].  The  separators 
have  a  different  ion  transport  mechanism  from  that  of  the  ion 
exchange  membranes  [32].  The  inter-connected  micro-pores 
provide  much  larger  channels  for  charge  carrier  transport.  The  Fe  or 
V  species  encounter  smaller  barriers  to  cross-separator  transport, 
which  yields  a  lower  CE.  The  selectivity  of  protons  over  the  Fe  or  V 
species  possibly  originates  from  the  higher  transport  rate  of  the 
smaller  protons  than  that  of  the  larger  Fe  or  V  species  driven  by  the 
concentration  and  potential  gradients.  A  similar  phenomenon  was 
reported  for  nanofiltration  membranes  tested  in  a  VRB  system 
[33,34].  The  reason  for  the  lower  VE  is  the  higher  ohmic  resistance 
of  the  separators  in  that:  1)  they  lack  a  proton  surface  hopping 
mechanism  and  2)  are  significantly  thicker  than  Nation  212 
(50  pm). 

Fig.  lb  shows  the  specific  charge  and  discharge  capacities  with 
respect  to  the  cycle  number  for  the  separators,  while  Fig.  lc  depicts 
the  charge  and  discharge  energy  densities.  On  the  whole,  the 
cycling  performance  of  separator  A  was  stable,  although  noticeable 
oscillations  existed.  The  mechanism  of  the  oscillations  is  not  yet 
well  understood  and  is  hypothesized  to  be  related  with  unstable 
cross  transport  of  the  Fe  or  V  active  species.  Separators  B,  D,  and  E 
exhibit  excellent  capacity  and  energy  retention  capability  similar  to 
that  of  the  previously  reported  cycling  performance  from  the 
Nation  212  flow  cell  [17,18].  Especially,  separator  D  exhibits  a  stable 
performance  over  50  cycles.  The  positive  and  negative  electrolytes 
maintained  a  constant  volume  (50  mL)  during  cycling  with  no 
observable  volume  change,  indicating  negligible  water  transfer 
between  positive  and  negative  half-cells.  The  capacity  and  energy 
of  separator  C  demonstrated  constant  decay  at  a  rate  of  ~  2%  per 
cycle,  although  its  CE,  VE,  and  EE  remain  constant.  A  noticeable 
electrolyte  volume  change  was  observed  along  the  cycling,  indi¬ 
cating  water  transfer  from  the  positive  to  the  negative  side  [35]. 

3.2.  The  temperature  effect 

Temperature  stability  is  an  important  variable  to  evaluate  an 
RFB  system  in  practical  use,  and  the  operational  temperature  range 
must  be  determined  in  terms  of  stability  and  efficiency.  This  is 
particularly  critical  for  RBFs  built  at  remote  places  with  no  active 
thermal  management  systems.  For  example,  the  active  thermal 
management  system  attached  to  a  conventional  VRB  sulphate 
system  must  maintain  the  temperature  between  0  and  40  °C  to 
prevent  precipitation  of  the  active  species  [36].  A  Fe/V  flow  battery 
using  a  Nation  212  membrane  with  sulphuric/chloric  mixed  acid¬ 
supporting  electrolytes  was  able  to  operate  between  0  and  50  °C 


while  maintaining  stable  performance  with  EE  spanning  67-80%  at 
a  current  density  of  50  mA  cm"2  [18]. 

Temperature  induces  changes  to  both  CE  and  VE.  Elevated 
temperature  increases  both  the  crossover  transport  of  the  active 
species  across  the  separator  and  the  electrical  conductivity  of  the 
electrolyte,  yielding  a  lower  CE  and  higher  VE.  The  former  may 
cause  unbalanced  water  and  ion  cross  transports  that  result  in 
attenuated  capacity  retention  capability.  Fig.  2a  displays  the 
specific  charge  capacity  and  discharge  energy  density  of  separators 
A,  C,  D,  and  E  at  40  °C  at  a  current  density  of  50  mA  cm-2.  Inter¬ 
estingly,  despite  the  existence  of  slight  oscillations,  separator  D  still 
retained  the  capacity  and  energy  during  cycling.  However,  sepa¬ 
rators  A,  C,  and  E  underwent  fast  capacity  drops  at  a  rate  of  3.6%, 
3.9%,  and  1.4%,  respectively.  Therefore,  increasing  temperature 
accelerates  the  crossover  transport  of  both  water  and  the  active 
species.  Electrolyte  volumes  changed  more  rapidly  than  at  room 
temperature.  The  capacity  and  energy  decay  originates  from  an 
unbalanced  transfer  of  the  active  species  across  the  separator,  e.g., 
net  transfers  of  both  Fe  and  V  from  the  positive  to  the  negative  side, 
which  is  confirmed  by  the  ICP  results  as  shown  in  the  Supplemental 
Information  (Table  SI). 

Fig.  2b-d  plots  the  Fe/V  flow  cell  CE,  VE,  and  EE  of  separators  A, 
C,  D,  and  E  at  different  temperatures  of  0, 18,  30,  40,  and  50  °C  at 
a  current  density  of  50  mA  cm-2.  All  of  the  separators  demon¬ 
strated  a  similar  tendency  of  decreasing  CE  and  increasing  VE  with 
temperature.  As  the  mathematical  product  of  CE  and  VE,  EE 
depends  on  how  much  CE  and  VE  were  changed.  Separator  A 
exhibited  a  sharp  drop  from  69%  at  room  temperature  to  62%  at 
40  °C.  From  5  °C  to  50  °C,  EE  of  the  other  three  separators  experi¬ 
enced  a  sharp  increase  before  a  peak  value  was  reached,  followed 
by  drops  that  were  faster  at  elevated  temperatures.  Separator  C 
showed  a  peak  EE  value  of  73.5%  at  room  temperature  with  64.7%  at 
5  °C  and  66.6%  at  50  °C.  Notably,  the  EE  of  separator  C  underwent 
little  change  between  73.5%  and  71%  in  the  range  from  room 
temperature  to  40  °C.  The  very  low  EE  at  5  °C  is  closely  related  to 
the  significantly  reduced  conductivity  of  the  electrolytes  at  low 
temperature.  Separator  D  shows  a  similar  phenomenon  with  an  EE 
of  70.6%  at  room  temperature,  66.2%  at  5  °C,  and  66.4%  at  50  °C.  The 
peak  EE  value  of  separator  E,  72.4%,  appeared  at  40  °C,  and  the 
temperature  range  for  stable  EEs  is  18-50  °C. 

3.3.  The  current  density  effect 

For  a  specified  voltage  window,  current  density  has  a  direct 
impact  on  the  power  density  delivered  by  an  RFB  system.  Improved 
current  density  can  augment  the  power  density,  reduce  the  stack 
size,  and  lower  the  capital  cost  in  an  RFB  system.  Increase  of  the 
current  density  produces  a  higher  overpotential  that  lowers  the  VE, 
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Fig.  2.  The  temperature  effect  on  cell  performance  of  the  separators:  (a)  specific  charge  capacity  and  discharge  energy  density:  (b)  CE;  (c)  VE;  and  (d)  EE  of  separator  A  ( ■ ),  C  ( • ), 
D  ( A ),  and  E  ( ▼ ). 


and  mitigates  cross  transport  of  the  active  species  that  increases 
the  CE. 

The  performance  of  the  Fe/V  flow  cell  with  the  separators  was 
studied  at  different  current  densities  to  determine  the  optimal 
current  density  range.  Fig.  3  illustrates  the  cell  efficiencies  of 
separator  C  at  current  densities  of  40,  50,  60,  70,  and  80  mA  cm'2 
and  different  temperatures.  CE  grows  with  the  current  density. 
Temperature  appears  to  have  an  evident  influence  in  that  CE 
grows  faster  at  higher  temperatures.  VE  reveals  a  linear  decline 
against  the  current  density  under  all  of  the  tested  temperatures. 
As  a  result,  EE  shows  drastically  different  temperature- 
dependent  behaviours  with  respect  to  the  current  density.  The 


tendency  of  EE  changes  from  a  rapid  decrease  at  5  °C  to  a  gradual 
increase  at  50  °C.  Strikingly,  at  room  temperature  and  above,  the 
EE  of  separator  C  remains  no  less  than  67%  in  a  current  density 
range  of  50-80  mA  cm'2.  This  indicates  that  a  Fe/V  flow  battery 
equipped  with  separator  C  has  the  potential  to  operate  at 
a  current  density  up  to  80  mA  cm-2  and  consequently  produces 
an  enhanced  power  output  and  reduced  capital  cost.  A  complete 
list  of  the  Fe/V  flow  cell  efficiencies  at  different  temperatures  and 
current  densities  is  summarized  in  the  Supplementary  Informa¬ 
tion  (Table  S2).  Separators  D  and  E  also  show  a  similar 
temperature-dependent  tendency  as  a  function  of  the  current 
density. 


Fig.  3.  CE,  VE,  and  EE  of  separator  C  as  a  function  of  current  density  in  the  temperature  range  of  5-50  °C. 
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Therefore,  separators  C,  D,  and  E  have  demonstrated  desirable 
cell  performance  over  considerably  broad  ranges  of  temperature 
and  current  density.  However,  D  and  E  suffer  from  poor  repeat¬ 
ability  resulting  from  the  rib  cutting  that  might  generate  a  variable 
of  case-dependent  surface  pore  structure.  On  the  contrary,  free 
from  mechanical  processing,  separator  C  has  shown  satisfactory 
repeatability.  Separator  C’s  rapid  capacity  decay  problem  can  be 
circumvented  by  balancing  the  hydraulic  pressure  across  the 
separator  via  adjusting  the  electrolyte  flow  rates. 

3.4.  Hydraulic  pressure  balancing 

Hydraulic  pressure  has  long  been  applied  in  membrane 
processes  for  water  purification,  such  as  microfiltration,  ultrafil¬ 
tration,  nanofiltration,  and  reverse  osmosis,  as  the  driving  force  to 
counteract  osmosis  pressure  [37].  Similarly,  in  flow  battery  systems, 
it  is  conceivable  to  attenuate  the  unbalanced  transport  of  water  and 
active  species  by  applying  counter-hydraulic  pressure  to  the 
recipient  electrolyte  [38].  The  higher  hydraulic  pressure  impels  the 
water  and  active  species  to  transport  to  the  opposite  direction  until 
equilibrium  is  reached.  In  this  work,  the  separators’  capacity  decay 
problem  was  addressed  by  adopting  different  flow  rates  at  the 
positive  and  negative  electrolytes  to  balance  the  hydraulic  pressure 
across  the  separator  minimizing  the  volume  change  during  cycling. 

Fig.  4  displays  such  an  attempt  using  separator  D  at  room 
temperature  at  a  current  density  of  50  mA  cm-2,  with  the  specific 
charge  capacity  and  discharge  energy  density  (a)  and  the  efficien¬ 
cies  (b).  Table  S3  in  the  Supplementary  Information  area  summa¬ 
rizes  the  detailed  flow  rate  adjustments  during  the  cell  run.  This 
flow  cell  used  55  mL  of  the  electrolyte  in  each  reservoir  and  had  an 
ASR  of  1.017  Q  cm2.  In  contrast  to  a  previous  one  with  stable 
capacity,  separator  D  in  this  case  suffered  from  a  low  initial  capacity 
followed  by  rapid  capacity  decay  (8.5%  per  cycle)  until  the  14th 
cycle.  The  initial  efficiencies  were  CE  =  84.1%,  VE  =  80.4%,  and 
EE  =  67.6%.  The  significantly  lower  CE  of  this  separator  D  than  the 
previous  one  (88.2%)  indicates  a  higher  crossover  transport  of 
active  materials  and  accounts  for  the  rapid  capacity  decay.  The  flow 
rate  adjustment  is  divided  into  two  zones,  depending  if  high  or  low 
pump  rates  were  used.  The  high  pump  rate  zone  was  from  the  1  st  to 
82nd  cycle,  and  a  low  pump  rate  zone  was  from  the  83rd  to  169th 
cycle  (shown  in  Fig.  4).  Employing  pump  rates  of  35  mL  min-1  at 
the  negative  side  and  15  mL  min-1  at  the  positive  side  caused 
negative-to-positive  transport  of  water  and  active  species,  conse¬ 
quently,  a  sharp  capacity  increase  from  the  15th  to  25th  cycle.  A 
series  of  fine-tuning  of  the  pump  rates  were  performed  to  finally 
reach  equilibrium  in  the  high  pump  rate  zone  with  pump  rates  of 


26  mL  min-1  at  the  negative  side  and  15  mL  min-1  at  the  positive 
side.  The  stable  specific  charge  capacity  is  18.2  Ah  L-1,  and 
discharge  energy  density  is  12.5  Wh  L-1.  The  CE,  VE,  and  EE  are 
86.7%,  81.5%,  and  70.7%,  respectively.  Interestingly,  the  efficiencies 
show  changes  corresponding  to  the  pump  rate  adjustment,  and  the 
extent  of  such  changes  depends  on  the  transport  status.  For 
example,  in  the  initial  six  cycles,  the  rapid  positive-to-negative 
transport  of  water  and  active  species  was  accompanied  by  an 
evident  rise  of  CE  and  drop  in  VE.  The  forced  positive-to-negative 
transport  in  the  15th-26th  cycles  coexisted  with  a  sharp  drop  of 
CE  and  clear  rise  of  VE.  Smaller  changes  of  CE  and  VE  were  observed 
in  the  other  cycles  having  milder  transports. 

Low  flow  rate  is  preferred  in  a  flow  battery  stack  in  order  to  save 
the  pump  energy,  which  makes  it  necessary  to  study  the  cell  cycling 
and  hydraulic  balance  at  low  pump  rates.  A  sudden  change  of  the 
pump  rates  to  5  mL  min-1  at  positive  and  9  mL  min-1  at  negative 
broke  the  equilibrium  and  produced  capacity  decay.  EE  underwent 
a  1.3%  drop,  resulting  from  a  1%  rise  of  CE  and  a  2.7%  drop  of  VE  due 
to  the  increased  mass  transfer  barrier.  Similarly,  after  a  series  of 
fine-tuning  the  pump  rates,  equilibrium  was  reached  again  at  the 
126th  cycle  with  a  positive  pump  rate  of  5  mL  min-1  and  a  negative 
pump  rate  of  10/11  mL  min-1.  Stable  performance  was  maintained 
over  more  than  40  cycles  with  the  specific  charge  capacity  and 
discharge  energy  density  of  17.2  Ah  L-1  and  11.6  Wh  L-1.  The  CE,  VE, 
and  EE  are  86.9%,  78.9%,  and  68.6%,  respectively.  This  confirms  that 
the  long-term  stable  cycling  can  be  obtained  with  Fe/V  flow  battery 
equipped  with  separator  as  the  membrane  even  at  low  flow  rate, 
which  is  promising  for  stack  and  system  development. 

Performance  stabilization  via  a  similar  electrolyte  flow  rate 
adjustment  method  was  performed  to  separator  C  at  low  pump 
rates.  Fig.  5a  shows  the  specific  charge  capacity  and  discharge 
energy  density  of  separator  C  with  respect  to  the  cycle  number  at 
room  temperature.  Table  S4  in  the  Supplementary  Information 
summarizes  the  detailed  flow  rate  adjustment  procedure.  At  room 
temperature,  stable  performance  was  obtained  over  the  course  of 
approximately  20  cycles  with  the  flow  rates  of  5  mL  min-1  at  the 
positive  side  and  20  mL  min-1  at  the  negative  side.  The  stable 
specific  charge  capacity  is  18.8  Ah  L-1,  and  the  discharge  energy 
density  is  12.9  Wh  L-1.  The  CE,  VE,  and  EE  are  90.4%,  77.3%,  and 
69.9%,  respectively.  At  elevated  temperature,  additional  counter- 
hydraulic  pressure,  i.e.,  a  higher  flow  rate,  needs  to  be  applied  at 
the  recipient  electrolyte  (the  negative  side)  to  counteract  acceler¬ 
ated  cross  transport  of  the  active  species.  This  room  temperature 
flow  cell  was  moved  to  a  40  °C  thermal  chamber,  and  similar  flow 
rate  optimization  was  performed  to  achieve  stable  capacity.  The 
specific  charge  capacity  and  discharge  energy  density  are  shown  in 


Cycle  Number 


Cycle  Number 


Fig.  4.  Performance  stabilization  through  flow  rate  adjustment  for  separator  D:  (a)  specific  charge  capacity  and  discharge  energy  density  versus  cycle  number;  and  (b)  CE,  VE,  and 
EE. 
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Fig.  5.  Performance  stabilization  for  separator  C:  (a)  at  room  temperature  and  (b)  at  40  °C. 


Fig.  5b,  and  the  detailed  flow  rate  adjustment  procedure  is  depicted 
in  Table  S4.  At  40  °C,  stable  performance  was  obtained  for  up  to  40 
cycles  with  the  flow  rates  of  5  mL  min”1  at  the  positive  side  and 
45  mL  min1  at  the  negative  side.  The  stable  specific  charge 
capacity  is  18.6  Ah  L_1,  and  the  discharge  energy  density  is 
12.3  Wh  L_1.  The  CE,  VE,  and  EE  are  83.2%,  82.9%,  and  69.0%, 
respectively.  The  ability  to  re-establish  stable  cycling  through  the 
simple  flow  rate  adjustment  after  temperature  fluctuation  renders 
the  Fe/V  system  critical  operation  latitude  in  maintaining  stable 
cycling  during  practical  use  in  an  environment  that  will  inevitably 
encounter  the  climate  change. 

4.  Conclusions 

Several  Daramic®  microporous  separators  have  been  tested  on 
Fe/V  flow  cells  using  sulphuric/chloric  mixed  acid-supporting 
electrolytes.  The  effects  of  temperature  and  current  density  on 
flow  cell  cycling  performance  were  investigated  in  detail.  Among 
them,  separators  D  and  E  have  desired  flow  cell  performance,  but 
repeatability  is  poor  due  to  the  necessity  of  rib  cutting.  Separator  C 
demonstrates  attractive  cell  performance  with  satisfactory 
repeatability.  Separator  C  exhibits  EEs  above  67%  at  current  densi¬ 
ties  of  50-80  mA  cm-2  in  the  temperature  range  of  18-50  °C. 
Optimization  of  the  hydraulic  balance  across  the  separator  by 
applying  different  flow  rates  to  the  positive  and  negative  electro¬ 
lytes  has  succeeded  in  overcoming  the  rapid  capacity  decay 
problem.  Stable  cell  performance  (capacity  and  energy)  of  sepa¬ 
rator  C  has  been  accomplished  over  approximately  20  cycles,  both 
at  room  temperature  and  at  40  °C.  In  these  cases,  the  specific  charge 
capacity  and  discharge  energy  density  could  reach  18.8  Ah  L-1  and 
12.9  Wh  L_1  at  room  temperature  and  18.6  Ah  L_1  and  12.3  Wh  L-1 
at  40  °C,  respectively. 

The  ability  to  use  hydrocarbon-based  membranes  or  separators 
is  a  compelling  advantage  of  Fe/V  over  VRB  systems.  In  general, 
these  microporous  separators  afford  relatively  inferior  cell  perfor¬ 
mance  compared  to  Nation®  membranes.  However,  considering 
their  availability  at  nearly  100  times  lower  cost,  the  Daramic® 
separators  are  a  promising  replacement  for  expensive  Nation® 
membranes  with  a  reasonable  sacrifice  of  EE  (less  than  10%). 
Significant  reduction  in  capital  cost  is  expected  to  enhance  the 
competitiveness  of  the  Fe/V  flow  cell  as  an  energy  storage  tech¬ 
nology  for  renewable  energy  resources  integration. 
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